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Distinct Patterns of Membrane Microdomain
Partitioning in Th1 and Th2 Cells
We have previously found differences in TCR complex
organization in Th1 and Th2 cells, which may help to
explain differences in TCR signaling seen in these sub-
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1 Department of Immunobiology sets. Fluorescent colocalization studies have shown that
CD4 is clustered with the triggered TCR and with CD45 in2 Department of Laboratory Medicine
3 Department of Cell Biology Th1 but not Th2 cloned lines, suggesting a fundamental
difference in the way the TCR complex is organized inYale University School of Medicine
New Haven, Connecticut 06520 Th1 and Th2 cells (Dianzani, 1990). This is consistent
with more recent studies, which have indicated that the
organization of the TCR signaling complex can impact
signaling events. It has been shown that the TCR andSummary
associated signaling and coreceptor molecules undergo
a dynamic process of reorganization following ligandHere we show that activated Th1 and Th2 cells have
distinct patterns of membrane compartmentalization recognition (Grakoui et al., 1999; Monks et al., 1998).
This type of membrane organization allows the cell tointo lipid rafts. TCR complex members are recruited
efficiently to rafts and aggregate with rafts at the site modulate signaling pathways at a level beyond the sim-
ple control of enzymatic activity by regulating TCR ac-of MHC/peptide contact in Th1 cells but not Th2 cells.
TCR/raft association in Th1 cells is deficient in the cess to the kinases and phosphatases involved in T cell
activation. Factors that influence this reorganizationalabsence of CD4, suggesting that CD4 aids recruitment
process include avidity of the TCR signal, as well asof the TCR to rafts. We show differential utilization of
coreceptor and costimulatory signals (Grakoui et al.,rafts in Th1 and Th2 cells by cholesterol depletion
1999; Krummel et al., 2000; Monks et al., 1998; Viola etstudies, which alters calcium signaling in Th1 but not
al., 1999). We, and others, have previously shown thatTh2 cells. Furthermore, Th2 cells have a decreased
CD4 signaling and CD4-associated lck play an importantability to respond to low-affinity peptide stimulation.
role in promoting TCR complex formation and sustainingThese studies indicate that components of membrane
signaling (Grakoui et al., 1999; Krummel et al., 2000;microdomains are differentially regulated in function-
Leitenberg et al., 1999). The tyrosine phosphatase CD45ally distinct CD4 T cells.
also plays a role in the complex by dephosphorylating
the carboxy-terminal tyrosine residue of lck, therebyIntroduction
maintaining lck in an active conformation and facilitating
its interaction with other tyrosine phosphorylated signal-Upon recognition of its cognate MHC/peptide complex,
ing molecules (e.g., ZAP70) through its SH2 domain (Siehthe T cell receptor initiates a complex cascade of signal-
et al., 1993). Thus, the formation of macromolecular sig-ing events resulting in cytoskeletal reorganization and
naling complexes that contain the TCR, CD4, and CD45the transcription of genes essential for T cell prolifera-
is thought to contribute to sustained TCR interactiontion and differentiation. Despite the significant advances
with its ligand and as a consequence, prolong signaling.in understanding TCR signal transduction over the past
Recent studies have indicated that microdomains often years, differential regulation of T cell signaling during
the plasma membrane called lipid rafts are importantT cell development and differentiation is not well under-
for the formation and stabilization of these TCR signalingstood. In particular, in Th1 and Th2 effector cell subsets,
complexes. Lipid rafts have been characterized asa variety of differences in the regulation of cell signaling
sphingolipid/cholesterol-rich domains in the plasmaand activation have been described (Fitch et al., 1993;
membrane, which exist in a liquid-ordered phase. TheseSmith et al., 1998;). For example, in contrast to Th1 cells,
ordered phases have been hypothesized to act as sig-Th2 cells have been reported not to efficiently tyrosine
naling platforms that facilitate intramolecular associa-phosphorylate Zap70 or fyn upon TCR stimulation (Ta-
tions and the propagation of signal transduction cas-mura et al., 1995). Th2 cells have also been shown to
cades (Janes et al., 2000; Simons and Toomre, 2000).have a defect in the ability to sustain calcium mobiliza-
This is accomplished in part by the differential localiza-
tion upon antigen activation (Gajewski et al., 1990;
tion in rafts of kinases and adaptors such as lck and
Sloan-Lancaster et al., 1997), which seems to be due in LAT, which are important for propagating TCR signaling
part to more rapid calcium clearance from the cytoplasm pathways (Lin J., 1999; Zhang et al., 1998). Following T
(Fanger et al., 2000). Furthermore, the regulation of MAP cell activation, the TCR complex is thought to partially
kinase pathway members has also been shown to differ associate with lipid rafts, and this may serve to expose
in Th1 and Th2 cells (Dumont et al., 1998; Rincon et al., and integrate TCR-associated signaling components
1998). These changes in signaling events translate into with adaptor molecules like LAT, which allow TCR sig-
changes on the transcriptional level, resulting in the dis- naling to proceed (Montixi et al., 1998). Therefore, facili-
tinct effector functions mediated by these T cell subsets tation of signaling requires receptor aggregation, and
(Murphy et al., 2000). However, the molecular basis for the association of the TCR with lipid rafts is thought
these signaling differences is unclear. to drive the coalescence of rafts into large signaling
complexes localized at the site of T cell stimulation (Viola
et al., 1999). Lipid raft aggregation might be enhanced4 Correspondence: kim.bottomly@yale.edu
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by engagement of CD4, as both coreceptors have been differs in Th1 and Th2 cells in that CD4 coassociates
shown to associate with rafts (Millan et al., 1999). These with the TCR and CD45 in activated Th1 but not Th2
raft-partitioning patterns translate into functional conse- cells (Dianzani, 1990). In order to investigate whether the
quences in that raft integrity has been shown to be difference in TCR complex organization upon antigenic
required for calcium mobilization in both T and B cells triggering was due to differential partitioning into rafts,
(Xavier et al., 1998; Guo et al., 2000; Kabouridis et al., we generated Th1 and Th2 cells by stimulating TCR-
2000; Petrie et al., 2000). transgenic CD4 T cells with moth cytochrome C (MCC)
Despite the importance of lipid rafts in lymphocyte peptide plus polarizing cytokines. We then isolated rafts
signaling, there have been several recent reports indi- from Th1 and Th2 cells by sucrose gradient centrifuga-
cating that the role of rafts in antigen receptor signaling tion and analyzed rafts for the presence of the TCR
may differ during lymphocyte development. Imaging and its associated molecules upon peptide stimulation.
studies have shown that in contrast to mature T cells,
Fractions 1–4 are designated raft fractions, and fractions
double-positive thymocytes fail to recruit lipid rafts to
9–11 are designated nonraft fractions. In agreement withthe site of TCR-CD28 cross-linking (Ebert et al., 2000).
previous observations in cell lines, isolated rafts fromSimilarly, immature B cells do not recruit the BCR to
unstimulated Th1 cells contain raft resident proteins,rafts following BCR cross-linking in contrast to mature
which include the src-family kinases, lck and fyn, asB cells (Chung et al., 2001; Sproul et al., 2000). The
well as the T cell adaptor protein LAT. Cholera Toxinfailure of antigen receptor recruitment to lipid rafts in
B subunit blotting indicates that GM1 ganglioside, aimmature lymphocytes may help to explain known sig-
sphingolipid, is heavily enriched in rafts. In contrast, thenaling differences between mature and immature B/T
zeta chain of the TCR complex is virtually absent fromcells. In addition, these studies raised the question as
raft fractions in these cells. Importantly, this basal pat-to whether the initiation of TCR signaling cascades is
independent of lipid rafts under some circumstances. tern of raft constituents was also seen using fractions
In support of this idea, recent reports have demon- isolated from Th2 cells (Figure 1A).
strated that early phosphorylation events remain intact To determine if TCR partitioning into rafts following
in TCR mutants that are unable to localize to raft do- stimulation with peptide antigen was different in Th1
mains following TCR ligation (Delgado et al., 2000; Wer- and Th2 cells, TCR immunoprecipitates of pooled raft
len et al., 2000). fractions were analyzed. As can be seen in Figure 1B
To investigate whether differences in raft recruitment and 1C, in contrast to unstimulated cells, there is signifi-
accounts for differences in signaling and TCR macromo- cant TCR  and zeta chain recruitment to rafts in pep-
lecular complex organization in Th1 and Th2 cells, we tide-stimulated Th1 cells. However, Th2 cells do not
questioned whether the signaling proteins found, asso- show a significant increase in TCR chains in raft domains
ciated with lipid rafts prior to and during activation, differ
following peptide stimulation. This raft recruitment pat-
in these two subsets of T cells. By analyzing lipid rafts
tern is observed after 5 min and is increased after 20of resting and activated Th1 and Th2 cells biochemically,
min of peptide stimulation (Figure 1D). Similar resultswe show here that unlike Th1 cells, rafts isolated from
were seen with CD45 recruitment.Th2 cells fail to recruit the TCR and CD45. However,
CD4 is recruited to rafts in both subsets. An analysis of
Morphology of TCR/APC Contact Zone Is Distinctintact cells indicates that fluorescently labeled cholera
in Th1 and Th2 Cellstoxin B, which binds the raft-associated glycosphingoli-
pid GM1, colocalizes with the TCR at the site of T cell- To determine whether Th1 and Th2 cells differentially
APC contact upon activation of Th1 cells. In contrast, recruit the TCR and rafts to the site of T cell-APC con-
Th2 cells do not have detectable colocalization of the tact, Th1 and Th2 cells were stimulated with peptide
TCR with lipid raft domains at the site of T cell-APC and the colocalization of the TCR with GM1 ganglioside
contact. In addition to the lack of colocalization of TCR was determined. Supporting the biochemical studies,
and GM1, Th2 cells also fail to cluster the TCR and CD4 we observed tight colocalization of both the TCR and
at the site of APC contact. Functionally, these observa- GM1 ganglioside at the T cell-APC contact site in Th1
tions are supported by the analysis of calcium mobiliza- cells. In Th2 cells, however, we did not observe efficient
tion in response to TCR signaling, which demonstrates coclustering of TCR and GM1 ganglioside at the contact
that calcium mobilization is dependent on raft integrity site (Figure 2A). This pattern was confirmed when we
in Th1 but not Th2 cells. Interestingly, while the pattern
looked en face at the TCR-APC contact zone in a confo-
of signaling in response to a high-affinity peptide is
cal image. Tight coclustering of the TCR and GM1 gan-similar in Th1 and Th2 cells, there is a marked defect in
glioside was evident in Th1 cells, while less TCR/GM1the response of Th2 cells to low-affinity peptides. Finally,
coclustering was observed in Th2 cells (Figure 2B). Simi-we show that the differential raft recruitment of the TCR
lar results were found using Th1 and Th2 cells generatedin Th1 versus Th2 cells is regulated in part by CD4,
from D011.10 TCR transgenic mice (data not shown).suggesting that CD4-dependent signaling may aid in
In order to verify that we were in fact analyzing T cell-recruitment and/or aggregation of rafts upon TCR sig-
APC conjugates and not T cell-T cell conjugates, thesenaling.
studies were performed using antibodies to the TCR
and MHC Class II (Figure 2C). It is important to note thatResults
we did not observe clustering of MHC II at the site of T
cell contact, which is in accordance with previous find-TCR Complex Members Are Differentially Recruited
ings (J.U. and I.M., unpublished data). Since both T cellsto Rafts in Th1 and Th2 Cells
and APCs express GM1 ganglioside, we verified thatPrevious studies with both cloned T cell lines and pri-
mary T cells have shown that the triggered TCR complex the clustered GM1 was occurring on the T cell by using
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Figure 1. Distinct Raft Recruitment Pattern
of TCR and CD45 in Th1 and Th2 Cells
(A) Th1 and Th2 cells were generated by cyto-
kine skewing of CD4 T cells from AND TCR
transgenic mice as previously described
(Leitenberg et al., 1998). On day 5, 60  106
Th1 or Th2 cells were lysed in 1% Brij 97 lysis
buffer, and fractions from sucrose gradients
were prepared as described (Zhang e al.,
1998). Individual fractions were then sepa-
rated by SDS-PAGE, followed by detection
of GM1 using horseradish peroxidase-conju-
gated cholera toxin B subunit or immunoblot
analysis using the indicated antibodies.
(B) Th1 and Th2 cells were stimulated with
syngeneic APCs pre-pulsed either with irrele-
vant peptide pBSA () or antigenic peptide
pMCC () for 20 min. Cells were then lysed
and rafts were prepared, and fractions pooled
and immunoprecipitated as described in Ex-
perimental Procedures. Immunoprecipitates
were separated by SDS-PAGE and blotted
with the indicated antibodies.
(C) Western blots were quantified using scan-
ning densitometry. Densitometry data are
presented as raft fraction/nonraft fraction 
1000. These data are representative of five
experiments.
(D) Th1 and Th2 cells were prepared and stim-
ulated with peptide-pulsed APC as above for
either 5 or 20 min. Immunoprecipitates and
Western blotting were done as described.
the GPI-linked protein Thy-1 as a T cell-specific raft can proceed in Th2 cells. To test this, we compared T
cell-APC conjugates of Th1 and Th2 cells for reorganiza-marker. Similar to GM1, Thy-1 clustered at the site of T
cell-APC contact in Th1 cells and failed to cluster in Th2 tion of the MTOC by staining for the TCR and -tubulin.
Interestingly, although Th2 cells do not tightly clustercells (data not shown). Since the coreceptor molecule
CD4 is thought to play a role in immunological synapse the TCR at the site of APC contact, reorientation of
microtubules toward the APC can be seen in both cellformation (Grakoui et al., 1999), we analyzed the distri-
bution of CD4 vis-a-vis the TCR in Th1 and Th2 cell types, indicating that Th2 cells can reorganize their
MTOCs despite their inability to form a tightly organizedconjugates. Similar to our observations with the TCR
and GM1, we found that CD4 clusters at the APC contact T cell-APC contact zone (Figure 2F).
zone in Th1 cells but not Th2 cells (Figure 2D).
In order to quantify these data, we counted the num- Raft-Associated CD4 Is Required for Effective TCR
Raft Recruitmentber of T cell-APC conjugates and analyzed the percent-
age of conjugates that showed aggregated TCR and It has been shown that CD4 plays a role in immunological
synapse formation (Grakoui et al., 1999). Specifically,GM1. Of five high power fields counted, only three to
five conjugates were observed in the presence of the CD4 is thought to be particularly important during the
early stages of synapse formation in which TCR engage-nonantigenic peptide pBSA. In the presence of antigenic
peptide (pMCC), both Th1 and Th2 cells had 50–65 con- ment of peptide/MHC occurs in the outer portion of the
synapse prior to the movement of complexes into thejugates counted in the fields. However, while the overall
number of conjugates was similar, 80% of Th1 cells in central cluster. In the absence of CD4, there is a defect in
immunological synapse formation (Grakoui et al., 1999).conjugates had clustered TCR and cholera toxin, while
only 19% of Th2 cells in conjugates showed such clus- Based on these data and on the observation in Figure
2D in which CD4 does not cluster at the site of T cell-tering (Figure 2E).
It was of interest to determine whether MTOC reorga- APC contact in Th2 cells, we questioned whether CD4
plays a role in governing the membrane microdomainnization, a functional correlate of T cell-APC contact,
Immunity
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Figure 2. Distinct Colocalization Patterns of
TCR and GM1 Ganglioside at the APC Con-
tact Zone in Intact Th1 and Th2 Cells
(A) Th1 and Th2 cells were generated as
above and were stimulated with peptide-
pulsed APCs for 10 min. T cell-APC conju-
gates were allowed to adhere to cover slips
and were stained with anti-TCR-biotin/Texas
red avidin and FITC-Cholera Toxin B. Slides
were visualized using a Zeiss immunofluores-
cent microscope.
(B) Confocal microscopy was performed to
generate a three-dimensional set of images.
The 0.5–1.0 m optical sections were gener-
ated in the x-z plane in order to image the T
cell-APC contact zone en face.
(C) Cells were stained with FITC anti-V3/
anti-FITC Alexa 488 and anti-IEK/anti-mouse
Alexa 594.
(D) Cells were stained with FITC anti V3/
anti-FITC Alexa 488 and anti-CD4/anti-
mouse Alexa 594.
(E) Quantitation was performed by counting
the number of T cell-APC conjugates with
clustered TCR and GM1 in Th1 versus Th2
cells. Percentages listed are of 100 conjugate
pairs counted and represent an average from
three independent experiments.
(F) Cells were prepared and stimulated as
above, permeabilized, and stained with FITC
anti-V3/ anti-FITC Alexa 488 and anti- tu-
bulin/Alexa 594.
organization required for raft recruitment of the TCR. To lation of CD4 association with the CD3/TCR complex
is fundamentally altered during Th1/Th2 differentiation.initially characterize the relationship between CD4 and
the TCR, we analyzed CD4/TCR association by coimmu- Furthermore, these data suggest that the raft resident
CD4 (present prior to peptide stimulation) may be impor-noprecipitation before and after peptide stimulation in
Th1 and Th2 cells derived from primary T cells. As was tant in early organizational events required for recruit-
ment of the TCR complex to raft domains.previously observed with cloned lines, we were able to
coimmunoprecipitate TCR components with CD4 in Th1 In order to determine if the raft resident CD4 plays a
role in the recruitment of the TCR to rafts in Th1 cells,cells following peptide stimulation but not in Th2 cells
(Figure 3A). Based on these observations, we asked we generated Th1 cells from wild-type and CD4-defi-
cient mice to ask if there were differences in the abilitywhether the recruitment of CD4 to rafts was regulated
differently in Th1 and Th2 cells. Interestingly, CD4 is of Th1 cells to recruit the TCR to rafts following peptide
stimulation. We have previously found that CD4-defi-recruited to rafts following peptide stimulation in both
Th1 and Th2 cells, in contrast to the differential recruit- cient T cells are able to differentiate into Th1 effectors,
and early signaling events such as  and ZAP70 phos-ment shown earlier of the TCR and CD45 (Figure 3B),
supporting the notion that the TCR and CD4 are regu- phorylation are similar in CD4-deficient and wild-type T
cells in response to pMCC peptide (Leitenberg et al.,lated independently in Th2 cells. However, raft fractions
from unstimulated Th1 cells show reproducibly higher 1998). However, as is shown in Figure 3E, CD4-deficient
Th1 cells show a pronounced defect in TCR raft recruit-levels of CD4 when compared to Th2 cells. To investi-
gate this further, we compared immunoprecipitations of ment following peptide stimulation compared to wild-
type Th1 cells, indicating that CD4 is required for TCRCD4 from raft fractions and total cell lysates in Th1 and
Th2 cells. Figure 3C indicates that although the total raft recruitment in Th1 cells. Thus, the difference in raft
resident CD4 in resting Th1 cells or the ability of CD4amount of CD4 and lck are similar in Th1 and Th2 cells,
Th1 rafts have an increase in CD4 and its associated lck to associate with the TCR/CD45 complex, as is seen in
Th1 cells, may determine the ability of a cell to recruitcompared to Th2 cell rafts prior to peptide stimulation.
Densitometric quantitation from six independent experi- TCR complex members to rafts.
ments indicating the fold increase in raft-associated
CD4 in unstimulated Th1 cells compared to Th2 cells is Th1 and Th2 Cells Signal Differently
to a Low-Affinity Stimulusshown in Figure 3D, and ranges from 2- to 10-fold. These
basal differences observed between Th1 and Th2 cells To determine if there are signaling consequences from
these distinct raft organizational patterns, we comparedin the absence of peptide stimulation suggest that regu-
Membrane Microdomain Partitioning in Th1 and Th2 Cells
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Figure 3. CD4 Is Required for TCR Raft Recruitment in Th1 Cells
(A) To analyze the association between CD4 and the TCR in Th1 and Th2 cells, coimmunoprecipitation studies were performed. Th1 and Th2
lysates were prepared as above, immunoprecipitated with anti-CD4 antibody (RM 4-5), separated by SDS-PAGE, and blotted for CD4 and
TCR . Coimmunoprecipitated TCR was quantified by scanning densitometry and normalized to the amount of CD4-lck from the same
immunoprecipitate. Normalized densitometric values for lanes 1–4 are as follows: 14, 104, 10, and 18. To ensure equal TCR expression in Th1
and Th2 cells, whole-cell lysates were separated by SDS-PAGE and blotted for TCR.
(B) Cell lysates and rafts were prepared as described above. CD4 immunoprecipitates were separated by SDS-PAGE and blotted for CD4
and its associated lck following separation on a 7% nonreducing gel.
(C) To analyze the amount of CD4 recruited to rafts following peptide stimulation, Th1 and Th2 cells and rafts were prepared as above.
Fractions were immunopreciptiated with anti-CD4 antibody (RM 4-5). Immunoprecipitates were separated by SDS-PAGE and blotted for CD4
following separation on a 7% nonreducing gel.
(D) To quantify the amount of CD4 in resting Th1 versus Th2 rafts, scanning densitometry was performed on six separate experiments. Data
are presented as the fold increase in raft-associated CD4 in Th1 versus Th2 cells.
(E) Th1 cells were generated from AND TCR transgenic mice either expressing (WT) or lacking CD4 (KO). Cells were stimulated with syngeneic
APCs pulsed with pBSA () or pMCC () for 20 min, and rafts were prepared as described above. TCR immunoprecipitates were then
separated by SDS-PAGE on a 12% reducing gel and blotted for TCR. Western blots were quantified using scanning densitometry.
signaling events in Th1 and Th2 cells following stimula- irrelevent peptide control. At hr 48, moderate decreases
in cell cycle entry were seen in Th2 cells with high-tion with peptides of high and low affinity for the TCR.
Both peptides have similar binding affinities for MHC II affinity peptide stimulation compared to Th1 cells (97%
versus 67%). Importantly, these differences were mag-but have differences in their ability to bind the TCR
(Lyons et al., 1996). After stimulation with the high-affin- nified following low-affinity peptide stimulation (96%
versus 14%). Similar results were seen after 72 hr (Fig-ity peptide, pMCC, there were no significant differences
observed in zeta chain, ZAP70, and ERK1/2 phosphory- ure 4C).
These data indicate that the requirement for the TCRlation, or calcium mobilization (Figures 4A and 4B), sug-
gesting that T cell signaling pathways in Th2 cells can to associate with rafts for transmission of signals may
be less stringent with a high-affinity stimulus, yet maybe initiated in the absence of raft aggregation and TCR
recruitment. In contrast, when stimulated with the low- be particularly critical under conditions of lower-affinity
stimulation. Importantly, TCR and CD45 immunoprecipi-affinity peptide, K99R, we observed differences in TCR-
mediated signaling in Th2 cells. The induction of zeta tation from raft and nonraft fractions indicate that there
is significant recruitment of the TCR and CD45 into raftschain and ERK phosphorylation were diminished or
more transient in Th2 cells compared to Th1 cells (Figure in Th1 cells following low-affinity peptide stimulation as
was observed following high-affinity peptide stimulation4A). Furthermore, significant differences in calcium mo-
bilization were observed in Th1 and Th2 cells stimulated (Figure 4D), supporting the concept that raft recruitment
of signaling molecules correlates with more sustainedwith the low-affinity peptide (Figure 4B). To determine
whether there were differences between Th1 and Th2 signaling events.
cells in a more downstream event such as cell cycle
entry, CFSE labeling studies were performed. Th1 and Th1 Cells Are More Dependent on Raft Integrity
for Calcium Mobilization Than Th2 CellsTh2 cells were labeled with CFSE on day 10, restimu-
lated with either pMCC or K99R, and analyzed by flow From these data, one might predict that signaling events
will be more raft dependent in Th1 cells than in Th2cytometry at 48 and 72 hr following restimulation. We
calculated the percentage of cells which had undergone cells. To examine the role of rafts in Th1 and Th2 cell
signaling, we asked if rafts were required for calciumat least one and less than four divisions based on an
Immunity
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Figure 4. Th2 Cells Show Decreased Ability
to Respond to Low-Affinity Peptide Stimu-
lation
(A) Th1 and Th2 cells show decreased  and
ERK phosphorylation in response to low-
affinity peptide stimulation.
Th1 and Th2 cells were prepared as above,
and stimulated with syngeneic APCs pulsed
with either pMCC (high-affinity), or K99R (low-
affinity) peptides for the indicated time. Time
0 indicates cells that were stimulated with
APCs pulsed with an irrelevant peptide,
pBSA. Cells were lysed in 1% Brij 97 lysis
buffer, separated by SDS-PAGE on a 12%
reducing gel, and blotted with the indicated
antibodies.
(B) Th2 cells have a decreased ability to mobi-
lize calcium in response to low-affinity pep-
tide stimulation compared to Th1 cells. Th1
and Th2 cells were prepared as above, loaded
with the calcium sensitive dye Fluo-3, and
analyzed by video laser cytometery. Each
graph indicates the pattern of calcium mobili-
zation in a field of 40 to 50 cells, in which
each line represents the average fluorescent
intensity of an individual T cell over time. The
first arrow indicates the addition of APCs
pulsed with peptide, and the second arrow
indicates the addition of ionomycin (666
ng/ml).
(C) Th1 and Th2 cells were stimulated in vitro
for 3 days and rested for 7 days. On day 10,
cells were labeled with CFSE and restimu-
lated with either no peptide, 5 M pMCC, or
5 M K99R. Cells were then harvested at 48
and 72 hr, stained for CD4, and analyzed by
flow cytometry. Analysis shows that 95%
of cells analyzed had not completed more
than four rounds of division. Data shown rep-
resent the fraction of CD4 cells that have
undergone one to four rounds of division
compared to unstimulated controls.
(D) To analyze raft recruitment patterns in Th1
and Th2 cells following low-affinity peptide
stimulation, rafts were prepared from Th1 and
Th2 cells as described above following stimu-
lation with K99R-pulsed APC for 20 min. Raft
fractions 1–4 and nonraft fractions 9–11 were
pooled, normalized for protein content, and
analyzed by SDS-PAGE and Western blotting
as described above.
mobilization, an activation event, which has previously rafts for calcium mobilization, lending support to the
notion that Th1 and Th2 cells signal from distinct mem-been shown to be raft-dependent (Xavier et al., 1998;
Kabouridis et al., 2000). We disrupted rafts using the brane compartments.
cholesterol sequestering agent B-Methyl Cyclodextrin
(BMCD) and asked if Th1 and Th2 cells were still able Discussion
to flux calcium in a sustained fashion. As seen in Figure
5, calcium mobilization is almost completely inhibited In the present report, we provide evidence that Th1
cells efficiently recruit TCR complex members to raftsin Th1 cells, while calcium flux in Th2 cells is significantly
less inhibited by BMCD, where 76% of cells retain the following peptide stimulation, while Th2 cells do not.
This failure to efficiently recruit TCR signaling compo-ability to flux calcium in the presence of drug. These
data suggest that Th2 cells are less dependent on intact nents to raft domains in Th2 cells correlates with a de-
Membrane Microdomain Partitioning in Th1 and Th2 Cells
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Figure 5. Th1 Cells Are More Dependent on Raft Integrity for Calcium Flux Than Th2 Cells
(A) Th1 and Th2 cells were prepared as above and treated with either 0 mM B methyl cyclodextrin (BMCD) or 5 mM BMCD in serum-free
media for 15 min at 37	C. Cells were then washed and added to peptide-pulsed APCs. Calcium mobilization was measured on a single cell
basis using video laser cytometry as described in Fig 5.
(B) Summary graph indicates the percentage of responding cells demonstrating a positive calcium flux in a field of 40–50 cells.
creased ability to form tightly organized T cell-APC con- into lipid raft microdomains of the plasma membrane.
These notions are consistent with recent reports in im-tact zones and also with the decreased ability of Th2
cells to respond to low-affinity peptide stimulation. We mature T cells as well as immature B cells, which are
known to have distinct cell surface organizational pat-also demonstrate that the CD4 coreceptor is an impor-
tant regulator of raft recruitment in that the ability of the terns from mature lymphocytes, and which also fail to
recruit antigen receptor components to rafts followingTCR to enter rafts in Th1 cells is abrogated in the ab-
sence of CD4. stimulation (Ebert et al., 2000; Sproul et al., 2000).
These findings may also help to explain longstandingIt is becoming increasingly evident that distinct func-
tional subsets of CD4 T cells have unique ways of or- observations about differences in TCR signaling pat-
terns between Th1 and Th2 cells. Following TCR ligation,ganizing molecules on the cell surface, which are likely
to impact on the cell’s ability to signal and ultimately Th2 cells, unlike Th1 cells, have been shown to exhibit
defects in proximal signaling events such as ZAP-70perform its effector function. We have shown previously
that the macromolecular organization of the TCR com- phosphorylation, fyn phosphorylation, and calcium mo-
bilization (Gajewski et al., 1990; Tamura et al., 1995).plex at the cell surface can impact upon cell signaling
events. Specifically, we have shown in cell lines that the While these differences were not observed in this study
using a very high-affinity peptide, similar differencesincreased ability of low molecular weight isoforms of
CD45 to associate with the TCR, compared to high mo- were observed with low-affinity peptide stimulation.
Our finding that a fraction of CD45 is recruited to raftslecular weight isoforms, correlates with an increased
ability to produce IL-2 (Leitenberg et al., 1996). We have following peptide stimulation in Th1 cells is controversial
in the face of several previous studies, which suggestedalso shown that the ability of CD45 to associate with
the TCR complex in naive T cells is dependent on stimu- that the large transmembrane phosphatase was ex-
cluded from raft domains (Xavier et al., 1998; Rodgerslation with a high-affinity peptide stimulus, which corre-
lates with a sustained pattern of intracellular signaling and Rose, 1996). Some investigators suggested that this
may be a means to sequester CD45 tyrosine phospha-(Leitenberg et al., 1999). These observations suggest
that regulation of the organization and components of tase activity away from the phosphorylated CD3 compo-
nents and would facilitate sustained signaling (Thomas,the TCR macromolecular signaling complex may be an
important mechanism in determining the different out- 1999; van der Merwe et al., 2000). However, this is incon-
sistent with the observed requirement for continuouscomes of T cell activation in different T cell subsets.
Previously, we have found that Th1 and Th2 clones ex- CD45 tyrosine phosphatase activity to generate sus-
tained TCR signaling (Desai et al., 1993). Furthermore,hibit differences in CD45, CD4, and TCR coassociation
following stimulation (Dianzani et al., 1990). In the pres- it is becoming increasingly clear that CD45 is closely
associated with the TCR as shown both by coimmuno-ent report, we show that some of these organizational
differences can be explained by differential partitioning precipitation studies (Leitenberg et al., 1999; Paz et al.,
Immunity
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2001) and microscopic analyses, which place CD45 in shown here. It is important to note, however, that there
the center of the T cell-APC contact zone 10–15 min is a fundamental difference between the D10 clone and
following peptide stimulation (Johnson et al., 2000). Fur- the primary Th2 cells used here. D10 cells can be acti-
thermore, several studies have also found CD45 in raft vated using noncrosslinked clonotypic antibodies (Kaye
domains (Ilangumaran et al., 1999; Montixi et al., 1998; et al., 1983), indicating that they may be more easily
Parolini et al., 1996) and associated with raft resident stimulated than primary Th2 cells. Consequently, they
proteins such as lck (Schraven et al., 1991) and the GPI- could form SMACs more easily or in a less regulated
linked protein Thy-1 (Volarevic et al., 1990). manner than primary Th2 cells. Furthermore, the gener-
An alternate explanation for our CD45 findings is that alizability of our studies using primary Th2 cells is sup-
there are two steps to raft recruitment: the first being re- ported by data from two independent lines of TCR trans-
cruitment to small minimicrodomains scattered around genic mice with distinct antigenic specificities.
the cell surface, and the second being aggregation of The data presented here suggest that there is some-
these minimicrodomains at the site of antigenic contact thing unique about the way in which the plasma mem-
(Patel et al., 2001). Since CD45 is known to aggregate brane is organized in Th1 and Th2 cells, which allows
at the site of APC contact (Johnson et al., 2000), the identical antigenic signals to be interpreted differently
colocalization with rafts that we observe could be due by the two cell types. For example, these raft microdo-
to these two independent events instead of actual re- main-based organizational patterns could allow the TCR
cruitment of CD45 into raft domains. Raft isolation stud- access to distinct signaling substrates depending on
ies at 4	C (Holowka et al., 2000), however, indicate that its location in the plasma membrane. Such differential
our observations do in fact represent raft recruitment substrate access could then allow unique signaling
and not simple coincidence of rafts and the immunologi- pathways to proceed and would ultimately result in gene
cal synapse at the site of antigenic contact (data not transcription and cellular proliferation patterns, which
shown). are signatures of the Th1 and Th2 phenotypes. Further,
Earlier pharmacologic raft disruption studies had sug- these data indicate that the regulation of T cell signaling
gested that rafts play a role in facilitating the earliest T and activation may be fundamentally different in Th1
cell activation events such as zeta chain phosphoryla- and Th2 effector cell subsets.
tion (Xavier et al., 1998). Additional studies had sug-
gested, however, that more distal pathways such as
Experimental Procedures
calcium mobilization were the raft-dependent events
(Kabouridis et al., 2000). Our kinetic studies are in con- Antibodies
The following monoclonal antibodies were used in this study: anti-cordance with this latter idea. TCR recruitment to rafts
CD4 (GK1.5), anti-CD8 (TIB 210), anti-Thy-1 (Y19), anti-MHC IIseems to be a relatively late event, which is observed
(212.A1 or TIB 92 or 14.4.4), anti-CD32/16 (24G2), and anti-B220after 5 min of peptide stimulation but is maximal after
(TIB 164). All antibodies were purified from culture supernatants on20–30 min of stimulation. This is also consistent with
protein G columns and dialyzed against PBS before use. Purchased
our observations that the role of rafts may be more in monoclonal antibodies are as follows: purified anti-TCR  (H57),
sustaining than in initiating signaling pathways and in anti-TCR  (H28), FITC-anti v3, anti-CD45 (30F11), and anti-CD4
tuning the threshold of T cell activation such that cells (RM 4-5). These were purchased from BD-PharMingen (San Diego,
CA); anti-phospho-ERK (E4) was from Santa Cruz (Santa Cruz, CA),are more sensitive to low-affinity signals. The idea that
anti-total ERK from Upstate Biotechnologies (Lake Placid, NY), andrafts play a role in stabilizing signaling pathways is also
anti- Tubulin from Sigma. Polyclonal anti-LAT rabbit antisera wasconsistent with kinetics observed with formation of su-
also purchased (Upstate Biotechnologies). The following polyclonalpramolecular activation clusters (SMACs) or immuno-
rabbit antisera were produced in our laboratory: anti- chain, ZAP70,
logical synapses (IS). SMAC formation has also been fyn, and lck (Boutin et al., 1997). HRP-conjugated cholera toxin 
documented on the order of 5–30 min following peptide subunit was purhcased from Sigma; FITC-conjugated cholera toxin
stimulation (Monks et al., 1998). The relationship be- was purchased from List Biological Laboartories (Campbell, CA).
The following fluorescent secondary antibodies were purchasedtween SMAC/IS formation and raft aggregation has not
from Molecular Probes (Eugene, OR): Alexa-488 anti-FITC and Alexabeen formally described. However, our data indicate
594 goat anti-mouse.that GM1 ganglioside-marked raft domains cocluster
with the TCR at the site of APC/antigen contact following
Micepeptide stimulation in Th1 cells, suggesting that lipid
B10.BR and B10.A (5R) mice were obtained from The Jackson Labo-rafts make up at least a part of the central region of
ratory. The AND TCR transgenic mice in which CD4 T cells expressT cell-APC contact zones. Furthermore, we have also
a TCR specific for the carboxyl terminus of pigeon cytochrome c
shown that the ability to form organized SMAC-like have been previously described (Kaye et al., 1989) and are bred in
structures correlates with the ability to recruit the TCR our facilities and maintained as heterozygotes on a B10.BR back-
and coreceptors to rafts and that Th2 cells seem to ground. The CD4/ mice were generously provided by D. Littman
(New York University) and were originally on a B6 background. Theybe deficient in both of these functions. One possible
were then backcrossed onto a B10.BR background and crossedexplanation as to how SMACs and rafts could cofacili-
with the AND T cell receptor transgenic mice (Leitenberg et al.,tate sustained signaling patterns is that aggregated rafts
1998). All mice used in these studies were 6–10 weeks old.could provide a space in which a high degree of lateral
mobility was inhibited, thus permitting sustained inter-
Peptidesaction both in trans with MHC II/peptide complexes and
Moth cytochrome c (MCC; peptide 88-103), pMCC 
 VFAGLKKANadhesion molecules, as well as in cis with coreceptors
ERADLIAYLKQATK, K99R 
 VFAGLKKANERADLIAYLRQATK, and
and intracellular signaling molecules. pBSA (peptide 141-154) 
 GKYLYEIARRHPYF were synthesized
Interestingly, some of the original studies detailing by the W.M. Keck Foundation Biotechnology Resource Laboratory
SMAC formation were done using the D10 clone, a Th2 (New Haven, CT). All peptides were high-pressure liquid chromatog-
raphy purified prior to use.cell line, and are in apparent contradiction to the studies
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Preparation of APC and CD4 T Cells Calcium Mobilization
Calcium signaling following Ag-specific stimulation was monitoredT cell-depleted APC were prepared by antibody-mediated comple-
ment lysis of B10.A(5R) splenocytes as previously described (Levin as described previously (Leitenberg et al., 1996). The initial average
fluoresence of each cell was digitized and normalized to 1, andet al., 1993). CD4 and CD8 T cells from lymph nodes and spleens
of transgenic mice were isolated using immunomagnetic negative the results are expressed as changes in normalized fluorescence
intensity of individual cells over time. The percentage of respondingselection as previously described (Levin et al., 1993). Purity of the
recovered V11 and CD4 T cells (or V11 and CD4-CD8 T cells was determined by dividing the number of cells demonstrating
an increase in intracellular calcium of 50% by the total number ofcells in CD4/ mice) was usually 85%–95% as determined by stain-
ing with anti-CD4 and anti-V11 mAb. scanned cells. In cases where Beta methyl cyclodextrin (BMCD)
(Sigma) was used, T cells were washed one time in serum-free
media, incubated with 5 M BMCD for 30 min at 37	C, washed twoIn Vitro Differentiation of Naı¨ve T Cells
times in serum-free media, and assayed as outlined above.Th1 and Th2 cells were generated by in vitro cytokine skewing as
previously described (Leitenberg et al., 1998). The presence of IL-4
and IFN- in the supernatants of primary and secondary cultures CFSE Staining
was determined using ELISA kits from Endogen (Cambridge, MA). Th1 and Th2 cells were harvested on day 5 following stimulation,
Representative example: Th1, 239 ng/ml IFN, undetectable IL-4 washed three times in warm PBS, and incubated with 0.25 M CFSE
(limit of detection 25 pg/ml); Th2, undetectable IFN (limit of detec- (Molecular Probes, Eugene, OR) for 30 min at 37	C. Cells were then
tion 2 ng/ml), 6624 pg/ml IL-4. washed three times in PBS, and mixed 1:1 with APC plus either
pMCC or K99R peptides. Forty-eight and seventy-two hours follow-
ing restimulation, cells were harvested, stained for CD4 using cy-T Cell Activation
chrome anti-CD4 (Sigma), and analyzed by flow cytometry. AnalysisT-depleted splenocytes from B10.BR mice were pulsed with 50 M
was based on a CD4 cell gate. The first division was marked basedof the indicated peptide for 2–4 hr at 37	C in Hank’s balanced salt
on comparison with cells restimulated with an irrelevent peptide,solution supplemented with 5% FCS. The pulsed antigen-presenting
and the percentage of cells which underwent at least one divisioncells were washed once and mixed 1:1 with purified MCC-specific
was then calculated. All cells analyzed had divided between oneT cells in microcentrifuge tubes, quickly pelleted, and incubated at
and five times.37	C for the indicated times and then lysed in ice-cold lysis buffer.
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